Although many models have been proposed that could lead to the maintenance of gene duplicates, the ways in which interacting gene duplicates influence each other's evolution and function remain poorly understood. Here, we focus on duplication and loss of the B class MADS box transcription factor genes in the euasterids I and the ramifications of such changes on paralog evolution and their encoded functions. In core eudicots, the B class genes belong to two paralogous lineages whose products form obligate heterodimers. Based on comparative genomic and phylogenetic analyses, we show that five stepwise B class MADS box gene gain or loss events occurred during the radiation of the euasterids I within core eudicots. Gene loss in one sublineage was correlated with a deficit of other sublineage genes. We also show that the gain or loss of B class MADS box gene paralogs were associated with altered protein-protein interactions among the remaining copies. These altered protein interactions were correlated with asymmetric patterns of sequence diversification and selection, suggesting that compensatory changes were driving the evolution of such genes. Furthermore, these B class MADS box gene gain or loss events were associated with the evolutionary divergence of floral morphology in the euasterids I. Together, these observations point to a cooperative strategy by which gene networks evolve, with selection maintaining the overall logic of a network despite changes in individual components.
Introduction
Plants, especially angiosperms, are particularly prone to whole genome duplications. Gene duplications have been estimated to be responsible for more than 90% of the expansion in regulatory gene families in the angiosperms (Maere et al. 2005) . Furthermore, a considerable percentage, estimated as being between 30% and 70%, of extant angiosperms are thought to be polyploid (Wendel 2000; Blanc and Wolfe 2004) .
After genome duplication, most duplicate copies are lost, but a considerable fraction survive, presumably due to neo or subfunctionalization, or through selection for dosage balance in protein complexes (Ohno 1970; Force et al. 1999; Freeling and Thomas 2006; Birchler and Veitia 2007) . For key regulatory genes that control whole networks of interactions, such gene duplication and loss events can have ramifications for the evolvability and/or robustness of such networks. Here, we examine the ways in which regulatory genes encoding interacting products evolve; we find a surprising degree of flexibility in the adaptive changes of individual components of such complexes.
The B class MADS-box transcription factors are encoded by two paralogous gene lineages, DEF/AP3 and GLO/PI, which are thought to have arisen through a duplication event predating the origin of the angiosperms (Purugganan et al. 1995; Kramer et al. 1998; Aoki et al. 2004; Kim et al. 2004; Stellari et al. 2004 ). In the core eudicot species Arabidopsis thaliana, the AP3 and PI genes are necessary for specifying petal and stamen identity (Bowman et al. 1991; Coen and Meyerowitz 1991) . The AP3 and PI proteins bind to sequences in the AP3 promoter as an obligate heterodimer, and this feedback loop is necessary for the maintenance of AP3 expression during floral development (Jack et al. 1994; Riechmann et al. 1996; Hill et al. 1998; Tilly et al. 1998) . Furthermore, the AP3-PI heterodimer likely acts as part of distinct higher order protein complexes that uniquely specify each organ type (EgeaCortines et al. 1999; Honma and Goto 2001; Pelaz et al. 2001; Immink et al. 2009 ). The DEF/AP3 lineage has also undergone a gene duplication event, probably as a result of an ancestral whole genome duplication, resulting in the paralogous TM6 lineage of genes in core eudicots (Kramer et al. 1998) . It has been demonstrated that, in the Solanaceae, TM6 gene products are also necessary for stamen development, heterodimerize with GLO/PI gene products, and cross-regulate DEF/AP3 lineage gene expression, presumably reflecting the retention of an ancestral regulatory role (de Martino et al. 2006; Rijpkema et al. 2006; Geuten and Irish 2010) . Diversification in the B class genes has been associated with, and can potentially explain, the evolution of novel floral morphologies. For instance, in Petunia, it has been demonstrated that the GLO1 gene is responsible for the fusion of the stamen filaments with the petal tube (Vandenbussche et al. 2004) . In Aquilegia, the B class genes appear to be required for the specification of a novel floral organ, the staminodium (Kramer et al. 2007 ).
The euasterids I clade, also termed the lamiids, comprise approximately 46,400 species in 2,549 genera. Most of these taxa fall within one of four major orders, Lamiales, Solanales, Gentianales, and Garryales (Angiosperm Phylogeny Group 2003) . This well-studied clade includes key model species, such as Mimulus, Antirrhinum, and Petunia. Several B class gene duplications and losses have been noted in the euasterids I (Aagaard et al. 2006; Viaene et al. 2009 ). These include the probable loss of the TM6 lineage in Antirrhinum (Lamb and Irish 2003; Vandenbussche et al. 2004 ), duplication in the DEF/AP3 lineage within the Lamiales (Aagaard et al. 2006) , and a duplication in the GLO/PI lineage in core asterids (van der Krol et al. 1993; Viaene et al. 2009) .
In this study, we comprehensively survey B class gene duplication and loss events in the euasterids I. We have also examined the possibility of functional divergence of duplicate genes by assessing sequence divergence, statistical comparisons in a likelihood framework, and changes in encoded protein interaction behavior. Based on these analyses, we propose that concerted and compensatory changes in interacting gene products serve to maintain overall regulatory network logic, despite the considerable adaptive changes in individual gene products.
Materials and Methods

Taxon Sampling
The taxa used in this study are listed in supplementary table 1, Supplementary Material online. Nucleotide sequences of the DEF and GLO lineage genes were determined from major lineages of Lamiids. Publically available Asterid sequences were also included in the phylogenetic analyses.
Isolation of B Class MADS-Box Genes
Total RNA prepared from flower buds across a range of developmental stages using Trizol (GibcoBRL). Complementary DNA was synthesized using Superscript III Rnase reverse transcriptase (Invitrogen). The primers used to amplify gene sequences are listed in supplementary table 2, Supplementary Material online. The resulting polymerase chain reaction (PCR) products were cloned into TOPO-TA 4.0 (Invitrogen) and cleaned using the QIAquick Plasmid Mini kit (QIAGEN, Valencia, CA) according to the manufacturer's instructions and were sequenced with M13F or M13R primers. Presence or absence of TM6 and GLO2 genes in the Lamiales was determined by a PCR-based technique. Primers (supplementary table 2, Supplementary Material online) were designed based on the cDNA and genomic DNA sequence comparisons among Lamiids. The standard PCR amplification reactions were 30 cycles of 1 min at 94°C, 1 min at 50-55°C, and 1-2 min at 72°C.
Phylogenetic Analyses
Alignments were conducted using ClustalX (Chenna et al. 2003) and MUSCLE (Edgar 2004) , with manual adjustment. Phylogenetic analyses using maximum likelihood (ML) were conducted on each gene data set using PAUP*4.0b10 (Swofford 2000) . Based on the results of Modeltest3.7 (Posada and Crandall 1998) Hierarchical Likelihood-ratio test (hLRT) and Akaike's information criterion (AIC) evaluations, tree searches were executed with tree-bisection-reconnection branch swapping. Alternative phylogenetic topologiesweretestedusingtheShimodaira-Hasegawa(SH)test (ShimodairaandHasegawa1999)asimplementedinPAUP*4.0b.
Based on the results of Mrmodeltest 2.3 (Nylander 2004 ) AIC evaluations, Bayesian phylogenetic inference was carried out using MRBAYES 3.1 (Ronquist and Huelsenbeck 2003) separately for each gene. Two parallel runs, each consisting of four incrementally heated chains were run for 10 million generations, sampling every 500 generations. Generations (0.25%) were removed as burn-in before consensus tree building. The approximate LRT implemented in PhyML (general time reversible model, 1,000 bootstraps) was also used to infer branch support for ML trees. See http://atgc.lirmm.fr/phyml/.
Detection of Positive Selection
To detect positive selection that acts on a subset of sites in a specific lineage, we used the branch-site model A (Yang and Nielsen 2002; Zhang et al. 2005) . Positive selection is detected by a d N /d S ratio x . 1. To test whether positive selection acted after the duplication event, we used two data matrices to investigate selective pressure; a matrix in which only the duplicated genes that originated after the duplication event (matrix B) and a second matrix in which the paralogous copies from species who have lost either one of both paralogs are incorporated in matrix B (matrix A). The log-likelihood of the sequence alignments was calculated using different codon substitution models, and LRTs were used to detect significant differences in fit between nested models. Branch models were used to test for episodic adaptive evolution after duplication. To test for the presence of positive selection on sequence sites, site models were applied that hold x constant among all branches but allow x to vary among codons. All computations were done using CODEML from the PAML package (v3.15) (Yang 1997) .
Yeast Two-, Three-, and Four-Hybrid Analysis
The IKC domains of OfGLO, OfDEF, OfTM6, OfAG, and OfSEP3 from Osmanthus fragrans were used to test protein interactions in yeast assays. In addition, OfDEFIK Ct OfTM6 IK, and OfDEF C fragments were amplified. Primers used are listed in supplementary table 2, Supplementary Material online. Amplified fragments were fused with the GAL4 activation domain (AD) in the pGAD424-vector and the GAL4 DNA-binding domain (BD) in the pGBT9 vector (Clontech, Mountain View, CA). For the three-and four-hybrid analyses, two sequences on the same vector were expressed under the control of two independent ADH1 promoters. Each vector combination was transformed into yeast, and five colonies per transformation were used for b-galactosidase liquid assays, using the protocol available at http://www.fhcrc.org/ science/labs/gottschling/yeast20%Protocols/Bgal.html. Lee and Irish · doi:10.1093/molbev/msr169 
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Results
Complex Patterns of DEF and GLO Lineage Gene Duplication and Loss in Euasterids I
In order to generate a robust phylogeny of B class genes in the euasterids I, we isolated 40 new DEF, 13 new TM6, and 22 new GLO lineage cDNA sequences from 30, 13, and 19 species, respectively, sampled to include representatives from the major Asterid groups. For each sublineage, we generated a ML phylogenetic tree and evaluated clade support using Bayesian Posterior Probabilities at each node. Figure 1 shows ML phylogenies for the GLO, TM6, and DEF lineages, respectively. The main Asterid orders were recovered as monophyletic with one exception (Apiales in the GLO ML tree). Both DEF and TM6 gene phylogenies were well supported as being congruent with the species relationships identified by the Angiosperm Phylogeny Group (Angiosperm Phylogeny Group 2003) .
Our phylogenetic analyses indicated that a putative lineage-specific duplication of the GLO genes likely occurred coincident with the appearance of the core lamiids (Gentianales, Lamiales, and Solanales) and led to two paralogous lineages, one containing the GLO1 genes and the other containing the GLO2 genes ( fig. 2 ). Within the core Lamiales, the DEF lineage was divided into two paralogous groups, DEFA and DEFB. Our analyses indicated that the DEF lineage has undergone a gene duplication event after the divergence between PlantaginaceaeGesneriaceae and the lineage leading to the rest of the core Lamiales ( fig. 2 ). Because the support values for the DEF tree in the critical area around the DEFA/DEFB duplication are not high, this duplication might in fact be restricted to the Mimulus/Leucocarpus/Paulownia clade. To examine this possibility, we carried out a constraint analysis to test whether the DEF duplication event is specific to the Mimulus/Leucocarpus/Paulownia clade. The ML tree under this constraint was significantly worse than the unconstrained ML (SH-test: Àln likelihood unconstrained 5 17973.94080; Àln likelihood constrained 5 18022.19138; 2Ä lnL 5 48.25058; P 5 0.002), indicating that the MADS Box Gene Duplication and Loss · doi:10.1093/molbev/msr169 MBE duplication likely did occur after the divergence between Plantaginaceae-Gesneriaceae and the lineage leading to the rest of the core Lamiales.
We also recovered TM6 orthologs from Forsythia, Ligustum, Osmanthus, and Halleria. These genes encoded products that varied in the length of their C-terminal motifs (supplementary fig. 1, Supplementary Material online) . Furthermore, PCR-based approaches (using multiple primers) to recover TM6 orthologs were unsuccessful in 10 families and 18 species, suggesting that TM6 orthologs have been lost or pseudogenized in a number of Lamiales lineages. Phylogenetic analyses of the Asterid TM6 genes using ML and Bayesian methods closely matches the strict consensus tree topology from the combined analysis of six chloroplast markers (Bremer et al. 2004 ).
Positive Selection after Duplication: GLO1
To determine whether selection was acting differentially upon paralogous genes, we fitted three different evolutionary branch models to our data: one for all branches predating the duplication event, a second for the branches immediately following the duplication event, and a third for all subsequent branches. Branch models of codon evolution for matrix A ( fig. 1) show that both GLO1 and GLO2 x's are decreased relative to single-copy lineages and do not evolve at different rates (tables 1 and 2). The two-ratio (R2) model resulted in a significantly better fit than one-ratio (R1), but three-and four-ratio models did not result in a significantly increased log-likelihood.
Several site-specific models (M1a, M2a, M7, and M8) that allow for various dN/dS ratios among sites were used to detect positive selection (Yang and Nielsen 2002) . We applied the LRT to compare data fit to models M1a versus M2a and M7 versus M8 to address whether positive selection promoted divergence of GLO genes within the euasterids. However, positive selection was not detected at any of the sites (table 2) . Using site-specific models can obscure the detection of positive selection in individual branches or particular lineages, as such models depend on averaging over all lineages. As a consequence, we also used branchsite specific codon models that detect positive selection at specific coding sites and in particular branches of a phylogenetic tree. Branch-site models detected strong support along the branch leading to GLO1 genes at sites 91S, Lee and Irish · doi:10.1093/molbev/msr169 MBE 176H, and 252I within K1, K3, and C-terminal domains, respectively. However, positive selection was not detected in the branch leading to the GLO duplication or in the GLO2 lineage (table 2) .
Relaxed Purifying Selection after Duplication: DEF We carried out LRT for selection acting on the duplicate DEF sublineages in the euasterids I and found that both DEFA and DEFB x's are slightly increased relative to the single-copy DEF lineage. Branch models allowing for two (R2) versus a single (R1) x for branches in the gene phylogeny provided a significantly better fit to the data based on the LRT, though adding additional parameters did not result in a significant increase in log scores. Parameters estimates based on the two-ratio model suggest that the DEFA and DEFB genes (x 5 0.1229) are evolving approximately 1.4 times faster than the single-copy DEF lineage genes (x 5 0.0907) (tables 1 and 2). Analysis of matrix B showed that the M8 model that allows for selection was significantly better than the neutral model M7 (P , 0.05). One codon site (site 61T) was inferred to be under positive selection (table 2) . However, positive selection was not detected at any site using matrix A (table 2) .
We found no evidence of positive selection on the DEF lineage within Lamiales based on branch-site models. We specified the two branches immediately following the duplication as foreground branches in matrix A (table 2) . Branch-site models that allow positive selection only in the foreground branches (Model A) did not result in a better fit than the corresponding nested model (Model A-null). We also fitted models treating all branches within the DEFA or DEFB gene clades as the foreground branch and, parameter estimates for Model A and Model A-null were equivalent. Similarly, we were not able to find evidence for selection on TM6 genes in the Lamiales using LRTs for branch, site, and branch-site models.
Diversification in Protein Structure and Protein Interaction Potential
To determine the functional capabilities of Lamiales B class gene products, we carried out yeast two-, three-and fourhybrid analyses using Osmanthus fragrans (Of) B class gene sequences as an exemplar (table 3). As the MADS domain has been shown to interfere with detection of proteinprotein interactions of B class gene products (Leseberg et al. 2008) , we utilized constructs lacking this domain. The IKC domains of the Osmanthus fragrans GLO (OfGLO), DEF (OfDEF), TM6 (OfTM6), AG (OfAG), and SEP3 (OfSEP3) coding sequences were fused individually and in combinations to AD and BD sequences and tested for interactions in yeast. OfSEP3 showed strong autoactivation activity, indicating that this protein possesses a transcriptional AD.
Similar to what has been observed for other core eudicot species, we found that OfDEF and OfGLO formed heterodimers but neither could homodimerize. We also observed weak heterodimer formation between OfTM6 and OfGLO. OfSEP3AD þ OfDEFBD À OfGLO formed ternary complexes, whereas OfAGAD þ OfDEFBD À OfGLO did not. Furthermore, SEP3AD À OfAG þ OfDEFBD À OfGLO and AGAD À OfSEP3 þ OfDEFBD À OfGLO showed strong interactions, indicating that OfAG can interact with the OfSEP3 À OfDEF À OfGLO ternary complex. In comparable combinations, OfTM6 showed weak or no interactions (table 3) . Because several MADS box gene families have Cterminal domains that display considerable variation in sequence and presumed function (Janssens et al. 2008; Litt and Kramer 2010) , we investigated the role of the Cterminal domain. C-terminal-truncated forms of DEF (OfDEFCt) and a hybrid construct, comprising C-terminal segments of OfDEF fused to the OfTM6 IK domain (OfTM6IKOfDEFC) were designed. Yeast analyses showed that OfDEF and OfDEFCt act differentially, whereas both OfTM6IKOfDEFC and OfTM6 act similarly in dimer, ternary, and quaternary complexes. We found that the OfDEFCt protein was also able to form heterodimers with OfGLO but was not able to support ternary or quaternary complex formation (table 3) . However, the OfTM6IKOf-DEFC construct also did not participate in ternary or quaternary complexes, indicating that the C-terminal domain as well as other DEF sequences are important for the formation of multiprotein complexes.
Mutations leading to changes in amino acid charge have been postulated to be the most significant alterations affecting protein-protein interactions (Sheinerman et al. 2000; Gabdoulline and Wade 2001) . To test this idea, we compared the amino acid sequences of the GLO1, GLO2, TM6, and DEF gene products in the asterids and identified four distinctive amino acid charge changes (sites 91, 95, 102, and 103) that were putatively related to the strength of the GLO interaction with the DEF or TM6 protein ( fig. 3; supplementary table 3 , Supplementary Material online). Amino acid sites 91 and 95 distinguish GLO1 from GLO2 (which possesses the ancestral state at this site), and site 102 (previously referred to as site 148R; Hernandez-Hernandez et al. 2007 ) and site 103 distinguish AP3 from TM6. At site 91, GLO1 proteins showed substitution of uncharged amino acids to negatively charged amino acids. At site 95, GLO1 gene products possess neutrally charged amino acids, GLO2 and GLO have negatively charged amino acids, and DEF and TM6 have positively charged amino acids. Three groups were also identified at site 102; GLO, GLO1, and GLO2 proteins possessing negatively charged amino acids, DEF with positively charged amino acids, and TM6 with neutrally charged amino acids. TM6 proteins have a distinctive substitution at site 103 from neutral to positively charged amino acids. All of these changes fall within the K1 domain of these MADS box proteins, and the K1 domain has been specifically implicated in heterodimer formation in Arabidopsis (Yang and Jack 2004) . Based on the potential for strong electrostatic interactions in the K domain, the relative strength of GLO-DEF and GLO-TM6 interactions would be GLO2 (or GLO)-DEF . GLO2 (or GLO)-TM6 and GLO1-DEF . GLO1-TM6. These predictions are consistent with the results of the yeast two-, three-, and four-hybrid analyses (table 3) .
Discussion
Based on our analyses, we have presented a model for the diversification of the B class gene lineages in the angiosperms ( fig. 3 ). These analyses indicate that the evolutionary mechanisms driving the diversification of these genes are varied and complex, yet the overall function of these gene networks appears to be retained.
MADS Box Gene Duplications at Different Scales in the Euasterids I
Our phylogenetic analyses indicate that a duplication in the GLO lineage of MADS box genes occurred prior to the diversification of the core lamiids ( fig. 2) , approximately 119-108 Ma (Bremer et al. 2004 ). Our results further indicate lineage-specific gene loss events after duplication. The topology of the euasterids I GLO gene phylogeny suggests a pattern of gene duplication similar to what has been observed in the Conserved Ortholog Set II (COSII) genes (Wu et al. 2006) . Wu et al. (2006) proposed small-scale duplication (SSD) as the source of COSII duplicates in euasterids I based on phylogenetic analyses, comparative mapping, and ancestral chromosome number of Solanales and Gentianales (x 5 11 or 12).
The DEFA-DEFB duplication occurred after the divergence between Plantaginaceae and the lineage leading to the rest families of core Lamiales ( fig. 2 ) more than 65 Ma (Bremer et al. 2004; Aagaard et al. 2006) . Veron et al. (2007) suggested that the expansion of the MIKC-type gene family was mainly due to whole genome duplications (WGDs). Furthermore, based on assessment of several duplicate gene pairs, including DEF genes, an ancient WGD has been suggested to have occurred in the Lamiales (Aagaard et al. 2006) . Together, these observations suggest that the GLO lineage duplication represents an ancient SSD of a MIKC MADS box gene, whereas the DEF lineage duplication may have arisen through a WGD.
A Mixture of Subfunctionalization and Neofunctionalization Contributed to Diversification of GLO Gene Duplicates
We used several different models of codon evolution to infer hypotheses about the evolutionary forces responsible for the maintenance of GLO gene duplicates. After the GLO1-GLO2 duplication, a strong signal of positive selection is found only in the GLO1 lineage from branch-site models. In our analysis, we detected sites 91S, 176H, and 252I to have been fixed by positive selection in the branch leading to the GLO1 clade (table 2) . Site 91S is in the K1 subdomain, which in Arabidopsis has been shown to be important in mediating specific protein-protein interactions of the GLO ortholog with the DEF lineage gene product (Yang and Jack 2004) . Site 176H is in the K3 subdomain, which has been shown to be important for the formation of heterotetrameric protein complexes (Melzer and Theissen 2009 ). Site 252I is in the C-terminal region.
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Our results indicate that the GLO1-GLO2 duplication was followed by an asymmetrical pattern of diversification, in which one gene copy retained the ancestral state (GLO2), whereas in the other, new residues were fixed by adaptive evolution (GLO1). Based on our data, the maintenance of GLO gene duplicates in core lamiids fits Ohno's neofunctionalization model (Ohno 1970; Innan and Kondrashov 2010) in that we observe asymmetry of divergence with positive selection. Our data also indicate that the GLO1 gene has been lost in the Gentianales and Boraginaceae, and presumably these losses occurred during the fatedetermination phase. This would suggest that GLO2 corresponds to the original copy that in general should be retained; however, we observe that GLO2 gene loss occurred at the base of Lamiales, which is not easily explained by the neofunctionalization model. In comparison, genetic analyses have provided evidence that subfunctionalization appears to best explain the evolution and maintenance of the GLO gene duplication in the Solanaceae (Vandenbussche et al. 2004; Geuten and Irish 2010) . We suggest that after GLO gene duplication by SSD at the base of core lamiids, the GLO genes may have initially been fixed and retained by positive selection in the GLO1 gene. However, functional redundancy may have led to the loss of the GLO2 gene in the Lamiales and the partitioning of GLO gene functions in the Solanales.
Multiple Models Can Explain the Maintenance of DEF Gene Duplicates in the Lamiales
Phylogenetic reconstructions indicate that TM6 gene loss occurred at the base of the Lamiales, whereas the DEFA-DEFB duplication occurred after the divergence of the Plantaginaceae from other families of the Lamiales, presumably by polyploidization. It has been suggested that the preservation of DEF duplicates in the Lamiales is due to subfunctionalization (Aagaard et al. 2006 ). An alternative explanation is that dosage balance (Birchler and Veitia 2007) is responsible for maintaining DEF duplicates, and this is consistent with the relaxed purifying selection that we have observed.
Because both DEF and TM6 lineage gene products heterodimerize with GLO gene products (table 3) , and the DEF and TM6 lineages themselves are paralogous (Kramer et al. 1998; Kramer and Irish 1999) , we suggest that selection for gene balance, regardless of the specific genetic components, has been instrumental in maintaining this gene regulatory circuit. This is also consistent with the recent observation that differential loss of DEF or TM6 genes can occur in rosiid lineages as well (Causier et al. 2010) . Although the majority of lineages in the Lamiales have apparently lost their TM6 gene, several paraphyletic lineages (Oleaceae and Stilbaceae) still retain a TM6 copy, albeit truncated or with significant sequence variation, suggesting that these copies are becoming pseudogenized. The Lamiales also have retained only the GLO1 lineage, and we have shown that there is a strong signal of PS in the K domain of GLO1 genes. Furthermore, GLO1 gene products appear to interact preferentially with DEF gene products in the Solanales (Vandenbussche et al. 2004; Geuten and Irish 2010) . We suspect that the loss of TM6 and GLO2 lineages and the retention of GLO1 and DEF genes in the Lamiales reflect the selection for maintenance of a B class protein complex.
Conservation and Diversification of the B-Gene Network
Studies of flower development in core eudicot species have established a central role for B class MADS-box genes in specifying petal and stamen identities. B class MADSbox genes have undergone significant diversification since the appearance of the euasterids I. Fusion of the stamen filaments with the corolla is a characteristic of most core lamiids and has been interpreted as a synapomorphy for the euasterids I (Bremer et al. 2004 ). In Petunia, it has been demonstrated that the GLO1 gene is responsible for the fusion of the stamen filaments with the petal tube (Vandenbussche et al. 2004) . Our data show that the duplication in the GLO lineage of MADS box genes occurred prior to the diversification of the core lamiids. The apparent loss of the GLO1 lineage from the Gentianales and the GLO2 lineage from the Lamiales would suggest that a putative ancestral GLO gene function conditioning stamen fusion has been separately retained in each of these orders.
Together, our analyses demonstrate that there has been significant diversification in the number, sequence, and protein interaction capabilities of individual B gene duplicates, with some of these changes potentially contributing to lineage-specific morphological novelties. Nonetheless, studies of flower development in many core eudicot species have established a central role for B class MADS-box genes in specifying petal and stamen identities. The overall retention of these functional roles supports the hypothesis that the dynamic changes in this gene regulatory circuit are under considerable selective pressure and that evolutionary canalization is maintaining the conserved function of this network.
Supplemental Material
Supplementary figure S1 and tables S1-S3 are available at Molecular Biology and Evolution online (http://www .mbe.oxfordjournals.org/).
